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Neutral Kaons at the ¢-factory

 Production and decay of neutral kaons at the d-factory allows the researchers to test T, CP, CPT

symmetries by direct comparison of reference transitions between Kaon states with their symmetry-
conjugate transitions

« Neutral Kaon pairs from ¢ decays have J©'¢ = 177

e A fully-antisymmetric guantum mechanics state is imposed by Bose statistics and angular momentum
conservation preventing terms with identical bosons

i > =i2{u<°>|1?0>— K0 K =%{\KS>\KL>— 1K) 1K)

 The maximal entanglement of meson-anti meson pairs is used to tag the initial state by the decay
mode of the first-in-time kaon decay and to filter the final state according to the decay mode of the
other
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Testing T, CP and CPT

Comparison of transition rates between CP and flavour eigenstates recognised as genuine
tests of T, CP and CPT symmetries
[ J. Bernabeu et al. Nucl.Phys. B 868(2013)102, JHEP 10(2015)139 ]

The decay of one kaon (first-in-time decay) identifies the initial state of the other Kaon, K,(0)

Symmetry tested by the measurement of the transition rates K,(0) = K,(¢)

Example:

K-p_(0) tagged by K|, — 77~
K%0) —» K-p_(t) compared with K-p_(0) — K1) for testing T’

KO(¢) filtered by K, > netv
KY(0) tagged by K, —>nte U

Kcp_(1) filtered by K, — 7°7°n° compared with K°(0) — Kp_(1) for testing CP K®(0) tagged by K| — z7e* v
K-p_(2) filtered by K, — 72070

compared with for testing CPT”
tagged by K| — 777~

. + —
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Ratio of Transition Rates

At KLOE we have measured transition rates from/to
K" and K flavour eigenstates to/from CP- eigenstates

T tests performed by the measurement of

. I(zte™ 1, i°77%; Ar) . (e v, i°2°7%; Ar)
REP(Ar) = and R, P(AY) =

2.1 [(ntn—, m—e*v;, At) 1 [(ntrn—, nte~ U, At)

CP tests:

—=— _0_0_0. + - - .

. [(x7e U, n°nr; At) . [(x7n~, n" e v; At)
RS (Ar) = and R (Ar) =

2.CP [(m=etv, n970%97Y; Ar) 4.CP [(wtn—, nte—U; At)

CPT tests:

I(nte U, 7’270 Ar I(n=etv, °7°70; At

REP (A = 1 ) and RO (A = )

2.CPT [(ztn—, nte~U;, Ar) 4.CPT [(ztn—, n—e*v; Ar)

Measured the asymptotic values of the ratios, when Af > 7
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Asymptotic values and Weisskopf-Wigner #

N R;’;’(At > 15) = 1 —4Re +4(Rx,. + Ry)
N Rf;{’(At > 1¢) = 1 +4NRe +4(Rx,. — Ry)

R;’Z’;P(At > 1) =1—-4Neg+4(Ry — Rx_)

Rixgp(At > 1) =1+4Re; — 4Ry + Rx)
N RzengT(At > 1) =1—-4NR0+4(Rx, — Rx_)
N Rixé’PT(At > 17¢) =1 +4NR0+40Rx, + Rx_)

BR(KS —> 7Z'+7T_) ¢ FS
with A =
BR(K; — n%70%zY%) - T,
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T, CP and CPT tests under the assumptions of

- validity of the AS = AQ rule

- CPT invariance in semileptonic decay amplitudes ( for 7 and
C?P tests)

- No direct CP and CPT violation in 77z and wzw decay
amplitudes

If all violation effects are those in the Weisskopf-Wigner Hamiltonian

terms in brackets show possible spurious effects when assumptions
are released

Direct CP violation in the decays does not affect the validity of the tests

being completely negligible [ J. Bernabeu et al. Nucl.Phys. B868(2013)102,
JHEP 10(2015)139 ]



Double Ratio of Transition Rates

Ry7(At > 15) Ry ¢p(At > 1)
REP(At> 1) RILH(AL > 75)

DRy cp = =1 —-8NRe+ 8 (Ry)

y — CPT violation in AS = AQ transitions

RSE, (At > 7¢)
DRepr = — ~ = 1-8R5-8(Rx.)
R4,CPT(At > TS)

X_ — CPT violation in AS # AQ transitions
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Data Analysis

Decay chains ® — K{)Kg —> 7teFv 7% and ® — K{)Kg — atn~ nte¥T v have been selected

All best features of the KLOE detectors exploited

| Ap, | | | 34 ps
DC Momentum resolution, ~ 04 % Calorimeter Time resolution, AT =~

Pl \ E[GeV]

b — K{)Kg — 7reTv 1797 selection: challenging K? — 77~ rejection

0

b - K{)Kg — atn~ nte™ v selection: easier, major point is Kg — 7 n " and Kg — UL rejection
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Semileptonic decays:

Data distribution Expected for K? — 1re*y

- 4_' T T T g = 4_' | IR L L L UL LU
Particle and charge ID : g oy
0f 0F
— =2 =z 2}
=0 =0
) 4 : ) —4 -
§ —6 | E’ -6
Charged tracks must arrive to the calorimeter 3 g S 3 _'
Calorimeter time compared with time of flight -0 8 -10 Pl
(TOF) from particle tracking in the DC for different -12 ] —12F. . E
mass hypothesis (m_and m ) 14 e e 0 s ! S T T e e 0 1 1 !
T e 4 -2 0 2 4 6 8 10 12 14 4 -2 0 2 4 6 8 10 12 14
, dot(e ) [ns] dot(e gt) [ns]
ot(my) = T, i\/pl-2+m12 s 20
CPi _ - |
L 10° ! |5 107
For the two-particles: : : . -
Z i
55 0 3 [ 10
_1:_ i
—2 __| | N | | |
1 2 0 1 ) !
ot(e) [ns]
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- -+ T _
nTn~ mrety selection

10° F— total (MC)
Vertex reconstruction @ IP and m_._invariant mass cut 5 — signal (MC)

- background (MC)

Vertex reconstruction from other 2 tracks with opposite 1()4 3 —— data

curvature in the DC

N
Signal/Background discrimination using 5 103 - o9

= 2
E. = Eg — E(7;) = Dpyjss @nd <

(E2 + E2) — (p2 + p?) < 0.015 (GeV/c?)? 10% |

S/B ratio of 75 achieved

1 O :
-
—

(Ey + EE) — (p; +p2) [(GeV/cz)z]
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Efficiency evaluation

€(Af) = €rpc - €57 (Al) is the product of trigger and event
preselection filters, €5, iIndependent from the decay lenghts,
and the efficiency of the event selection, €¢z; (Af)

nte” v n’n’z’ 99.49 + 0.07
n ety n’z7" 99.45 £ 0.07
ntnT nte” U 99.60 £+ 0.01
ntnT me v 99.60 + 0.01

€gr7 (At) is evaluated by MonteCarlo corrected by the
analysis of independent control samples

® - K)K) — 7'z’ nteTv, ® - K/K) - nreTv Ky,
D — K{)Kg - xtn™ 2°7%°, & - K{)Kg — a1 n” Kq,,
used to evaluate Data/MonteCarlo correction
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ate~ v 7972%Y

Oﬂ.On.O

7 etv rm
7tn” nte” T

tnT et

BR(K; — n*n™) - T
"~ BR(K; » n%%29) - T,

= (1.970 £ 0.023) 10°

Ry 1

Ry 1
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Testing CP7T and Double Ratios
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Systematics

Effect Ry Ryt Rycpr Rycpr DRrcp DRcepr Rycp  Racp
x 1073 x 1072 x 102 x 102 x 102 x 102 x 102 x 1073
Background model 2.74 4.62 2.79 4.43 4.43 4.41 4.37 -
Efficiency smoothing 2.46 5.31 2.43 5.26 6.70 6.83 6.76 0.17
At bin width 8.00 5.00 7.50 5.00 9.00 9.00 8.90 0.03
Fit range 7.33 8.88 7.32 8.84 7.95 7.60 7.78 0.41
Effects of cuts in the (wev)(37") selection
Kg vertex location cuts 0.57 2.31 0.58 2.27 2.36 2.41 2.39 -
M(7, ) cut 2.48 1.34 2.52 1.31 1.56 1.63 1.60 -
TOF cuts 6.08 5.32 6.19 D.23 6.40 6.58 6.49 -
e/m/u classification 4.78 4.40 4.85 4.33 9.33 9.59 9.46 -
Effects of cuts in the (777~ )(mer) selection
Kg vertex location cuts 0.007 0.004 0.004 0.007 0.004 0.004 — 0.005
M(mr, ) and |5} cuts 214 168 167 217 0.70  0.72 ~ 074
m?l_ +m? cut 1.48 1.32 1.31 1.49 0.20 0.21 - 0.21
TOF cuts 2.14 1.68 1.67 2.17 0.70 0.72 — 0.74
Total systematic uncertainty 14 15 14 15 19 19 19 0.89
D factor total uncertainty 12 12 12 12 - - — -
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Asymptotic value of the ratios obtained by a fit in the
region At € (47,275)z with bin width of 127

Fit errors on the ratios probing T, CPT invariance at
1.7% level

The result for the double ratio testing CPT invariance

s DRpy = 1.005 £ 0.029__ +0.019

stat — Syst

For the CP test, with 16 M events in each charge of
the semileptonic decay, we obtain:

R, cp = 1.00665 £ 0.00093,,,, + 0.00089

with 0.13% relative error

VAV &
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Conclusions

Kaon semileptonic decays with charge ID, in association with 7+ 7~ or 77 7Y decays have been analyzed

by the KLOE experiment at the ®-factory, on the basis of 1.7 fo~! of integrated luminosity
Direct tests of T, CPT invariance at 3 % level of sensitivity have been performed

Statistical Sensitivity is at the level of Systematics

The first observation of CP violation in K_ — K°/ K" transitions with 5.2¢ significance is obtained, being
R, cp = 1.00665 = 0.00093,,, £ 0.00089,, with 0.13 % relative error, in agreement with previous

results from K%/ KV — K . transitions
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